Many applications, e.g., within biomedicine stand to benefit greatly from the development of diode laser-based multiWatt efficient compact green laser sources. The low power of existing diode lasers in the green area (about 100 mW) means that the most promising approach remains nonlinear frequency conversion of infrared tapered diode lasers.
INTRODUCTION
High-brightness infrared tapered diode lasers 1 have recently been efficiently single-pass frequency doubled to the green spectral region 2 and have been demonstrated as good high-power, diffraction limited green laser sources. Such laser sources are very important for a variety of applications, including pumping of Ti:sapphire lasers 3, 4 and for direct use in dermatology. Basing such sources on diode lasers rather than solid state lasers is especially advantageous because of the high electro-optical efficiencies of diode lasers as well as the possibility of wavelength tunability and selectability through the material composition of the gain medium of diode lasers. Since frequency doubled diode lasers can additionally be implemented very compactly and cost-efficiently, they are particularly attractive for integration in more complex laser systems such as Ti:sapphire systems for biomedical imaging.
Such systems could make use of short femtosecond pulses for, e.g., two-photon microscopy 5, 6 , coherent anti-Stokes Raman scattering 7 (CARS) or high resolution optical coherence tomography 8 (OCT). The prospect of multimodal biomedicinal imaging is one of particular interest, with promise of providing better and more reliable diagnoses. Multimodal imaging does, however, place increased demands on the power of the Ti:sapphire laser in the system and thus, in turn, the power of the green pump laser.
The quest for higher green power output from frequency doubling of diode lasers is still ongoing 9, 10 , and a crucial parameter to obtain higher power is the nonlinear conversion efficiency. While high nonlinear conversion efficiencies can be obtained using intracavity or external cavity setups, the added complexity of establishing and maintaining the precisely aligned cavities makes this approach less appealing than a single-pass configuration in which infrared laser light is generated monolithically in a laser diode and sent single-pass through a nonlinear crystal with high nonlinearity such as periodically poled lithium niobate (PPLN) to generate green light.
Until now, the highest power achieved in such a single-pass configuration using a single tapered diode laser 2 has been 1.5 W of green radiation at 532 nm, with the tapered diode laser emitting up to 12 W of infrared light at 1063 nm and using PPLN as the nonlinear crystal. In another setup, two such infrared diode lasers were spectrally combined in a volume Bragg grating and sum frequency generation was performed in PPLN, yielding 3.9 W of diffraction-limited green light 11 .
One method of increasing the conversion efficiency of SHG compared to a single pass setup is to send the beam through the nonlinear crystal more than once 12 , while still not establishing a cavity. Such multi-pass setups require very careful alignment of the beam to avoid feedback to the sensitive diode laser and can be challenging in periodically poled crystals due to the crystals' small size.
Another method involves the use of waveguides of nonlinear media 13 . The confinement of the fundamental and SHG beams provided by the waveguide increases the efficiency of the process. The drawback is the difficulty in coupling into the waveguide and low damage thresholds for the system, currently restricting output powers.
Similar to these other two methods is that of using several nonlinear crystals in a sequence, known as a cascade, in which the beam passes through each crystal only once. In a cascade, the beam is focused into the first crystal and re-focusing optics create a new focus in each of the subsequent crystals. Cascade SHG was first demonstrated in 1997 by D. Fluck and P. Günter 14 , using lenses as the re-focusing optics and using a sequence of up to three nonlinear crystals. They referred to the technique as "lens waveguiding in a cascade of crystals". This technique inherits the favorable scaling laws of confined beams while avoiding the limitations caused by low damage thresholds of waveguides. At the same time, it avoids the physical space and/or optical feedback issues of multi-pass configurations as well as allowing independent phase matching control of each crystal. Cascaded frequency conversion is starting to become more widely adopted, with many groups utilizing the setup in recent years [15] [16] [17] [18] [19] [20] [21] .
THEORY
Fluck and Günter showed theoretically how the output power in the limit of low depletion of the fundamental beam scales with the square of the number of crystals. In the case of a cascade of N identical crystals of length L with optimal focusing in each individual crystal, the output power in the low depletion limit is 2 1
where 2 P is the total output second harmonic power, η is the normalized conversion efficiency for a single pass and 1 P is the fundamental power incident on the system. From this it is evident that adding a second crystal of the same type to an existing single-crystal setup can yield an enhancement of the output power of up to a factor of four.
Recall that for collimated beams the scaling in crystal length is quadratic, as is also the case in waveguides because of the confinement of the light. When focusing into a crystal, diffraction reduces the scaling factor to linear as described in the theory of Boyd and Kleinman
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. Re-focusing into subsequent crystals is a way around that scaling law by introducing the 2 N scaling factor.
As with single-crystal SHG, fundamental depletion can be taken into account using where, in the case of a cascade, 2 LN η η = . η is the system's nonlinear conversion efficiency in the low-depletion limit.
While Fluck and Günter as well as some later authors used lenses as the re-focusing optics, others had chosen spherical mirrors to avoid chromatic aberrations, allowing the SHG and fundamental beams to co-propagate better and re-focus in the same plane in each subsequent crystal, aiding the SHG process.
Similarly to the well-known phase matching condition that must still be satisfied within each crystal, it is necessary to compensate for any dispersion between the fundamental and SHG beams that arises between each pair of crystals. This arises due to the specifics of the poling at the ends of the crystals, dispersion in air and dispersion in the re-focusing optics used. The original setup of Fluck and Günter as well as some of the setups of the most recent applications used a transparent plane plate, rotatable around either the vertical or lateral axis, placed between each pair of crystals to adjust the dispersion compensation. Others have used the dispersion of air in a setup where the path length of travel through air was adjustable with a translation stage.
For a 3 mm thick plate of BK-7 glass with parallel facets, the dispersion compensation as a function of the angle of tilt of the transparent plate can be found by using Snell's law of refraction and calculating the difference in optical path length of the fundamental and SHG beams. The SHG power after the second crystal is then a result of the interference of the SHG E-field generated in the first crystal and the SHG E-field generated in the second crystal. The simulated output power in the low-depletion regime as a function of plate angle is shown in fig. 1 . The difference in the lateral displacement of the fundamental and SHG beams upon passage through the plate is on the order of micrometers and its effect has been neglected, since it occurs at a point where the beam is collimated with a diameter of more than a millimeter. Likewise, reflection loss at the interfaces has been omitted. Figure 1 . Simulation of the cascade enhancement factor κ defined as the ratio of η of the whole cascade to η of only the first crystal. The shown example is for a Gaussian beam at 1063 nm sent through a cascade of two identical crystals, with reflections at the dispersive plate interfaces as well as a small displacement between the two beams neglected. The dashed line shows Brewster's angle and the plate is taken to be BK-7 glass. Imperfections in the crystals, slightly different focusing, astigmatism and absorption-induced heating effects will cause the real curve to deviate from the theoretical curve by exhibiting a maximum lower than 400% and a minimum higher than 0%.
As an alternative to the use of a transparent plate, one can use the dispersion of air to adjust the dispersion between the crystals. The path length required for one period of retardation is 13.1 cm for air at room temperature and atmospheric pressure 23 . If one utilizes a setup with a delay line for adjustment of this dispersion, one must align the delay line carefully to avoid shifting the alignment of the beam when changing the delay path length. The collimation of the beam in the delay line must also be carefully optimized. Figure 2 . The experimental setup is shown here in sketch form. The infrared-emitting diode laser is collimated with a pair of anti-reflection coated lenses, sent through an optical isolator with a half-wave plate before and after for polarization rotation, and focused into the first crystal. A pair of curved mirrors re-focus the beam at low angles of incidence into the second crystal, with a transparent phase plate placed between the curved mirrors for dispersion compensation. A dichroic mirror filters away the infrared light after the second crystal, allowing the SHG light to be measured with a power meter after the dichroic mirror.
EXPERIMENT
The experimental setup is shown in fig. 2 . The tapered diode laser emitted infrared light at a wavelength of 1063 nm. The emission was collimated in the fast axis after passage through an aspheric lens of focal length 3.1 mm and in the slow axis after further passage through a cylinder lens of focal length 15 mm. The 1/e 2 beam diameter of the collimated beam was 1.1 mm along both axes.
The injection currents used for the ridge waveguide section and tapered amplifier section were 300 mA and 16 A, respectively. The laser diode was temperature stabilized with a Peltier element to a temperature of 20.00 degrees centigrade. At these operation parameters, the infrared power after collimation was 10.5 W.
The light was then passed though an optical isolator protecting the diode from optical feedback, with half-wave plates rotating the polarization of the beam before and after the optical isolator. The infrared power after the optical isolator and wave plates was 10.0 W. Two PPLN crystals were used for the cascade, each 30 mm long and mounted in closed-top temperature adjustable aluminum ovens. The entrance and exit facets were cut for a 0 degree angle of incidence. Focusing into the first crystal was performed with an achromatic lens of focal length 60 mm, which had been experimentally found to be the optimal focal length for highest SHG power generated in a single-crystal setup. For characterization, each of the two crystals was individually tested in this focus. Crystal #1 yielded an output of 1.78 W of green light at an infrared input power of 10.0 W, corresponding to a non-depleted efficiency of η = 2.0 %/W using equation (2) . Tested in the same way in the place of crystal #1, crystal #2 showed a green output of 1.80 W at an infrared input of 10.0 W, also corresponding to a nondepleted efficiency η = 2.0 %/W.
With crystal #1 once again placed in the focus, the diverging beam exiting the crystal, consisting of both infrared and SHG light, was collimated with a spherically concave mirror with radius of curvature R = 300 mm (focal length f = 150 mm) at an angle of incidence of 10 degrees. The angle of incidence was chosen as low as possible within the physical constraints of the setup in order to minimize astigmatism and other imaging aberrations caused by hitting the mirror offaxis. The mirror was coated for high reflectivity at 1064 nm and at 532 nm.
A 3 mm thick transparent plate of uncoated BK-7 glass was inserted into the collimated beam and rotated around the lateral axis to bring the plate to Brewster's angle of incidence to minimize reflection loss for the vertically polarized fundamental and SHG light. Additional tuning of a few degrees around Brewster's angle was possible to adjust the dispersion compensation.
After passage through the transparent plate, the beam was re-focused into crystal #2 using a concave mirror identical to the first one, with radius of curvature R = 300 mm and the same angle of incidence. After individual optimization of the phase matching temperatures of the two crystals and optimization of the angle of the dispersive plate, the optimal SHG power after crystal #2 was measured to be 3.48 W, corresponding to a conversion efficiency in the non-depletion regime of η = 4.6 %/W. The enhancement relative to the single-crystal case is a factor of 2.3, greater than the sum of SHG achievable from only the first crystal and SHG achievable from only the second crystal.
The SHG output power as a function of the rotation angle of the dispersive plate was measured and is shown in fig. 3 . From fig. 3 we see agreement between the calculated and measured periodicity of the dispersion compensation of 2.3° close to Brewster's angle. The lowest power achievable when tuning the dispersive plate is 1.14 W, which is 33% of the maximum value. This lowest output is lower than the SHG power directly after the first crystal, showing the effect of the destructive interference between SHG generated in the two crystals.
CONCLUSIONS AND OUTLOOK
Generating 3.5 W of diffraction-limited radiation at 532 nm from a single tapered diode laser is an important step in the ongoing quest for higher powers in the green spectral region. The use of nonlinear crystals in a cascade allows an increase of the nonlinear conversion efficiency beyond that achievable with single crystals, with a highly advantageous scaling law. In this work, an enhancement of a factor of 2.3 was observed compared to the single-crystal case, with potential for further optimization to get closer to the theoretical ideal case in which the enhancement is a factor of 4. Future implementations of the cascade may include crystals longer than 30 mm, a third crystal and/or tapered diode lasers with higher power or better beam quality.
The laser system described in this work has great potential as a pump source for a Ti:sapphire laser in a multimodal system such as FTCARS-OCT. The increased power for pumping the mode-locked Ti:sapphire laser, will be crucially important for increasing bandwidth, increasing resolution, decreasing acquisition time, and accessing the unique benefits of a multimodal system.
Compared to solid state lasers, diode lasers lend themselves particularly well to mass production and miniaturization, and the powers and beam qualities of infrared tapered diode lasers are expected to see continuing improvements for the foreseeable future.
